Introduction
The mortality of patients with intracerebral hemorrhage (ICH) is about 30-40% worldwide and it is mostly due to the occurrence of increased intracranial hypertension (ICP) that may lead to dislocation of midline structure and cerebral herniation. 1, 2 Therefore, the availability of diagnostic and monitoring tools for the estimation of ICP may improve the management of these vulnerable patients. Ultrasonography of the optic nerve sheath diameter (ONSD) is a promising simple, noninvasive, repeatable, and bedside technique for the detection of increased ICP and, thus, particularly suitable in an intensive care or stroke-unit setting. [3] [4] [5] Recently, two studies demonstrated the reliability of ultrasonography of ONSD to identify raised ICP in ICH patients, but only one case series assessed the possible role of serial measurements of ONSD beyond the acute phase of ICH. [6] [7] [8] The central retinal artery and vein run closely inside the dura mater of the optic nerve and they are accessible to ultrasound through the identical transorbital acoustic window used for ONSD evaluation. 9 Considering their path, we speculated that ONSD enlargement during raised ICP could be transmitted into the intraaxial structures of the meningeal sheaths and, therefore, determine flow variations of Doppler parameters of retinal vessels. In this context, very few data are available concerning possible hemodynamic flow alterations of orbital vessels in conditions of elevated ICP, especially for central retinal artery and vein. 10, 11 Thus, the primary aim of our study was to evaluate the diagnostic accuracy of ONSD values compared with Doppler parameters of retinal vessels for the detection of elevated ICP in acute ICH. The secondary aim was to establish the usefulness of a second assessment of ONSD and Doppler variables of retinal vessels in monitoring ICH and to look for correlations between sonographic and radiological data.
Methods

Study Design and Participants
This observational study was performed from January to December 2017 at the "Maggiore della Carità University Hospital" of Novara, Italy. All first-ever spontaneous supratentorial ICH patients admitted to the Neurology and Stroke Unit Department were consecutively enrolled. Inclusion criteria were: age ࣙ 18 years old and primary ICH on cerebral computed tomography (CT) scan (treated with medical therapies); exclusion criteria were: age < 18 years old, ocular trauma or other conditions that contraindicate ultrasound examination (eg, glaucoma, orbital tumors), other concomitant causes of intracranial hypertension (eg, subarachnoid hemorrhage), presence of cardiac arrhythmias that could alter Doppler findings (eg, atrial fibrillation).
All ICH patients underwent a cerebral CT scan at admission and later during their hospital stay, depending on clinical conditions. Based on the first cerebral CT findings and clinical conditions, patients with ICH were assigned to the increased ICP group (group 1 [G1], n = 25) and the not increased ICP group (group 2 [G2], n = 21). A control group (n = 40) consisted of healthy subjects of similar age and vascular risk factors, who underwent a general medical, ophthalmological, and neurological examination to exclude concomitant pathologies.
The study was approved by the local ethics committee (Novara No. CE 95/17). All procedures were in accordance with the ethical standards of the responsible committee on human experimentation (institutional and national) and with the Helsinki Declaration of 1975, as revised in 2013. Written informed consent was obtained from each participant or legal guardian.
Radiological Evaluation
Cerebral CT scans were performed on a Philips, Brillance with 16 rows of detectors, 3 mm of thickness. According to previous studies, radiological indicators of raised ICP were defined as follows: midline shift ࣙ 3 mm, compression of cisterns, effacement of sulci with evidence of substantial edema, collapsed third ventricle, hydrocephalus. 12 Radiological parameters were contextually recorded. Hemorrhage volume was calculated with the ABC/2 score if of rounded or ellipsoid shape, while the ABC/3 score was applied if irregular or multinodular. 13, 14 Midline shift was measured as the perpendicular distance between the septum pellucidum and the falx cerebri. An expert neuroradiologist (A.S.), who was unaware about the patients' clinical conditions, independently evaluated the images.
Patients were allocated in Group 1 in the presence of at least one clinical and radiological sign of elevated ICP (clinical features for elevated ICP were the follows: alteration of consciousness, headache, vomiting, bradycardia, and pupillary abnormalities).
Transorbital Sonography
Transorbital sonography was executed immediately after both cerebral CT scans for ICH patients, while healthy subjects underwent a single evaluation.
The ultrasonographic studies of ONSD and Doppler indices of retinal vessels were performed with a Toshiba Medical System Aplio 300 (Nasu, Japan) using a high resolution 7.5-11 MHz linear probe with a lateral resolution of <.4 mm; mechanical index was reduced to <.2, following ALARA principle. 15 ONSD examinations were made according to a previously described protocol. In order to perform the ocular ultrasound examination, the patients lay in supine position with head elevated to 30°; a large amount of water-soluble gel was carefully applied on both the closed upper eyelid and the probe, which was placed on the temporal region of the eye and the optic nerve was detected posterior the globe. The ONSD was identified by measuring the distance between the external borders of the hyperechogenic area surrounding the optic nerve, corresponding to the periorbital subarachnoid space (Fig 1) . 16 Because a different method for the ONSD evaluation is described in the literature (that includes the external hypoechogenic borders of the ONSD-the so-called ONSD E , corresponding to dura mater and periorbital fat), for descriptive and comparative scopes we also measured this diameter. 17 Once recognized, three measurements (taken 3 mm behind the globe) of the ONSD on the transverse plane were recorded for each eye. By averaging these values, the binocular median ONSD values were obtained for each eye.
The central retinal artery and vein were identified in combination inside the optic nerve using color Doppler sonography with a low pulse repetition frequency. Angle flow correction was applied, varying between 0°and 45°; gate size was 1.5 mm. 18 At least three complete Doppler waveforms were registered to decrease the effects of physiologic variation and measurements were made approximately at 3 mm behind the globe. 19 From the central retinal artery, binocular values of peak systolic velocity, end diastolic velocity, and resistive index (RI) were recorded, while maximum and minimum velocity (v-max, v-min), as well as retinal venous pulsation (RVP) were registered from the central retinal vein. The averaging of these measurements between the eyes determined the binocular median values of RI and RVP (Fig 1) . Ultrasonographic evaluations were executed by a skilled accredited examiner (A.N.), who was not blinded to the clinical condition of patients, while all measurements were calculated off-line by a second expert neurosonologist (P.L.), blinded to clinical and radiological findings. Agreement between the two operators had been preliminarily assessed for ONSD and optic nerve diameter by using the same device in 9 healthy subjects in a previous study. 20 
Statistical Analysis
Descriptive data are shown as median with interquartile range (IQR) for continuous variables and as numbers and percentages for categorical variables. Differences among three groups were tested using the Kruskal-Wallis test. Radiological and sonographic data between couples of groups were tested using the Wilcoxon-Mann-Whitney test. Diagnostic accuracy in detecting elevated ICP was evaluated using area under the receiver operating characteristic (ROC) curve. Correlation between variables was assessed using the Spearman's coefficient. Statistical analyses were conducted using Stata 13.0/SE (Stata Corp, College Station, TX).
Results
Of the 55 patients who presented with ICH, 9 did not meet the study criteria and were excluded from further analysis (1 glaucoma, 3 missing consent, 2 atrial fibrillation, and 3 subarachnoid hemorrhage).
Demographic and clinical data are shown in Table 1 . Fortysix acute primary ICH patients were recruited, 25 with radiological signs of raised ICP (G1) and 21 without (G2); 40 healthy subjects composed the control group. The three groups differed significantly for the median age (lower in G2) and smoking habits (higher in G2); no dissimilarities were present for other vascular risk factors. Predictably, patients with increased ICP had a higher median NIHSS score (28, IQR = 18) at stroke onset than those without (8, IQR = 7).
The main differences in radiological findings and median values of binocular ONSD and Doppler indices among the groups are presented in Table 2 . Because of the severity of cerebral hemorrhage within G1, the radiological control in patients with raised ICP was available for 13 patients (10 died,
, as well as the median midline shift in G1 with 10.10 mm (IQR = 9.60) compared with G2 with .00 mm (IQR = .00). No significant dissimilarities in ONSD, RI, and RVP were observed between patients in G2 and healthy controls. Median binocular ONSD values in patients with increased ICP were significantly higher from those without at both times of study.
Within G1, ONSD did not discriminate early mortality risk between patients who died and those who survived (6.58 mm [IQR = .55] vs. 6.15 [IQR = .55]; P = .14). Median binocular RI and RVP were significantly higher in patients with raised ICP at both times of assessment, excepting for RVP at control time.
The diagnostic accuracy of sonographic variables in the acute phase of ICH with relative cut-off values for the detection of elevated ICP is reported in Table 3 . ONSD shows the higher accuracy, followed by RI and RVP (ROC curves are compared in Fig 2) .
Spearman coefficient analyses between radiological and sonographic variables at onset time was statistically significant for ONSD and hemorrhage volume (r = .734; P < .001; Fig 3) . No significant correlations were found at the control time.
Discussion
To the best of our knowledge, this work provides for the first time information about ocular ultrasound findings of ONSD and Doppler indices of retinal vessels during the acute phase and monitoring of ICH. Our study includes the largest series of ICH patients in this topic and confirms that the ONSD is enlarged in the subgroup of ICH patients with elevated ICP. 6, 7 The main finding of our study is that ONSD shows the highest diagnostic accuracy compared to Doppler indices of central retinal artery and vein for the identification of elevated ICP.
Furthermore, the ONSD behavior in course of elevated ICP is not well-established and this is particularly true for ICH patients where only a small case series have been evaluated for this purpose. 8 In this regard, our data show that the widening P < .05 was considered statistically significant. G1 = group 1; G2 = group 2; ICP = intracranial pressure; IQR= interquartile range; n = number of subjects; NIHSS = National Institutes of Health Stroke Scale. Sonographic data are intended as binocular values; all data are expressed as median (interquartile range, IQR). P < .05 was considered statistically significant. G1 = group 1; G2 = group 2; ONSD = optic nerve sheath diameter; ONSD E = optic nerve sheath diameter external; RI = resistive index; RVP = retinal venous pulsation; NS = not significant. AUC = area under the curve; CI = confidence interval; ONSD = optic nerve sheath diameter; RI = resistivity index; RVP = retinal venous pulsation.
of ONSD seems to persist over time, leading to the hypothesis that ICP remains elevated. Previous studies showed a positive correlation between ONSD and hemorrhage volume or midline shift. 7, 8, 10 In patients with ICH and elevated ICP, our work confirmed a good corre- lation between ONSD and hemorrhage volume at admission, but missed to find an association with midline shift. A possible explanation may be attributed to the elevated age of patients and the relative brain atrophy that could have prevented the early development of cerebral shift; moreover, midline shift may appear later because of edema growth. In this regard, our analysis observed a possible positive trend toward a significant correlation between ONSD and shift values (r = .40, P = .18) at the control time. Even if speculative, we remark that in G1, CT scan and sonographic evaluation were not repeated in 10 subjects because they died. In these patients, an increment of midline shift was conceivable and may have altered the result of a possible significant correlation.
ONSD was not related to hemorrhage volume anymore at the time of second CT scan: the reasons may include the initial adsorption of parenchymal blood with no correspondent changes of the ONSD and the dropout of deceased patients. The ONSD thickening seems to follow the variations of raised ICP in chronic conditions, such as primary intracranial hypertension, where the dilatation or contraction of the sheath proceeds slowly. 21 At contrary (if not promptly treated), an acute distension may not be followed by a shrink during ICH, where rapid changes of ICP occur, as observed in subarachnoid hemorrhage. 22 Overall, the edema growth may maintain an elevated ICP despite the reduction of hemorrhage, resulting in a persistent enlargement of ONSD.
The combination of these findings may suggest that variations of ICP could be predicted by serial ONSD evaluations and, thus, provide further data when compared to radiological signs of elevated ICP. Therefore, ultrasound monitoring may give the opportunity to detect and track changes of ICP, providing useful information to optimize treatments in ICH patients. 23 In this context, the attention is currently moving to the possible role of this method in monitoring raised ICP during acute conditions, where still little is known. Toscano et al recently demonstrated the efficacy of the technique for the early identification of malignant increased ICP and brain death in neurocritical patients with daily ONSD monitoring, in order to detect potential candidates for organ donation. 24 In head injury patients, the trend observed in ONSD values obtained by serial measurements provided useful information on decision making, more than the single evaluation. 25 In addition to ONSD ultrasonography, transcranial Doppler sonography has been proposed as another alternative noninvasive tool for raised ICP detection. 26 Whether those techniques are promising, data on diagnostic accuracy are variable and no consensus has been reached. [27] [28] [29] Recently, the diagnostic performance of Doppler indices of ophthalmic arteries has been compared to ONSD, resulting in a lower ability in the detection of elevated ICP. 10 The central retinal artery and vein are accessible to ultrasound in their terminal portion through the transorbital window but they have never been studied for this purpose during acute raised ICP. In our hypothesis, the demonstrated maximum enlargement of the ONSD (approximately 3 mm behind the globe) could be transferred to the inward structures and, thus, cause variations on Doppler indices of these vessels. Our findings confirmed this assumption, but results are still limited because of inferiority if compared to the accuracy of ONSD measurements. These results agree with those achieved by Tarzamni, suggesting that the study of the orbital vessels appears to be not accurate enough for the evaluation of ICP because many factors, including arterial pressure, diseases affecting the small vessels, age of patients, local autoregulation, cerebral perfusion pressure, and interindividual variability may influence the local flow. 10 Finally, despite the increasing number of works in this field, there is still no consensus on a unique ONSD cut-off value for the identification of elevated ICP, placed between 4.5 and 6.3 mm. 3, 5, 25 These discrepancies may depend on various factors, including the execution technique, the subject selection, the underlying pathology and ethnicity, limiting the validation of the method for a more extensive use. Our optimal cut-off point for the detection of raised ICP was 5.6 mm, being in-line with cited previous reports and more recent findings. 30, 31 This study presents some limitations like the small study population and that we presumed that ICP was normal in control subjects without performing a CSF opening pressure evaluation. Additionally, we are aware of the limited predictive value of abnormal CT findings in the assessment of ICP. 32 Finally, the date of the second CT scan was depending on clinical conditions instead of being performed on a given day.
Altogether, the results of this study suggest higher accuracy of the median binocular ONSD compared to the retinal vessels' Doppler indices in detecting raised ICP. In ICH patients, a second assessment of ONSD measurements may provide other indirect information on the persistency of elevated ICP and variations of radiological parameters, but more extensive data are required to confirm this scenario.
